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An unresolved question in vasculogenesis is how mammalian endothelial cells make lumens in developing
vessels. In this issue of Developmental Cell, Strilic et al. present a comprehensive analysis of murine arterial
lumen formation that defines cellular and molecular events required for lumen morphogenesis and argues
against a previous paradigm of lumen formation.Biological tubes are essential for trans-
porting fluids, nutrients, and wastes in
multicellular organisms. Accordingly,
much effort has gone into understanding
how tubes form. While this has yielded
considerable insight into the molecular
mechanisms of tube formation by epithe-
lial cells, such as those in the kidney and
lung, much less is known about how
endothelial cells make the tubes of the
vascular system. Studies using in vitro
and in vivo models of vasculogenesis
(de novo formation of major blood
vessels) and angiogenesis (formation or
arborization of new blood vessels from
existing vessels) suggest that endothelial
cells can form lumens using two different
mechanisms (reviewed in Iruela-Arispe
and Davis, 2009). The first involves ‘‘cell
hollowing,’’ whereby intracellular vacu-
oles coalesce and then interconnect with
neighboring cells to generate seamless
tubes (Figure 1, top left). The second
involves ‘‘cord hollowing,’’ in which
a cylinder of packed cells undergoes
dramatic shape changes to create
a multicellular tube with a central ‘‘extra-
cellular’’ lumen (Figure 1, top right).
Historically, vasculogenesis has been
thought to proceed by cell hollowing,
but in this issue, Strilic et al. (2009)
provide compelling evidence that lumen
formation in the mouse dorsal aortae
occurs by cord hollowing. Further, using
an impressive array of genetic, pharma-
cological, biochemical, and cell biological
approaches, Strilic et al. define multiple
molecular events that are required for
lumens to form and expand during vascu-
logenesis.The backdrop for the work of Strilic
et al. (2009) was set almost 100 years
ago, when detailed observational studies
on live chick embryos suggested
that, during vasculogenesis, intracellular
lumens were generated from vacuoles
(reviewed in Downs, 2003). Decades later,
the results from cell culture experiments
reinforced the notion that endothelial cells
utilize cell hollowing for lumen formation
(reviewed in Iruela-Arispe and Davis,
2009). For example, Davis and Camarillo
(1996) showed that single endothelial
cells grown in a three-dimensional gel
matrix form lumens by coalescence of
pinocytic vacuoles. Blocking pinocytosis
and subsequent vacuole formation in-
hibited development of endothelial
lumens in vitro (Bayless and Davis,
2002). In addition, the recent in vivo
imaging results of Kamei et al. (2006) sug-
gested that intracellular lumens in devel-
oping zebrafish intersegmental vessels
(ISVs) arose by vacuole coalescence.
Together, this body of work suggested
that, in contrast to epithelial cells, endo-
thelial cells use cell hollowing as
a common, and perhaps predominant,
mode of de novo lumen formation.
Although the intracellular lumen model
has had a long ascendancy, recent data
show little support for it. First, Blum et al.
(2008) revisited angiogenesis by zebrafish
ISVs and showed that what had appeared
to be lumens developing within single
cells were in fact lumens developing in
spaces between closely apposed cells.
Second, in a comprehensive investigation
of mammalian vasculogenesis presented
in this issue, Strilic et al. (2009) useDevelopmental Cell 17confocal microscopy, Single Plane Illumi-
nation Microscopy (SPIM), and electron
microscopy to show that lumen formation
in the mouse dorsal aortae proceeds by
cord hollowing rather than cell hollowing.
Their observations revealed that endothe-
lial cells were initially organized into
lumenless cords with individual cells
attached at multiple points by cell
junctions. As development proceeded,
junctions repositioned laterally, leaving
a narrow space between cells that subse-
quently widened to form the vascular
lumen. Importantly, large intracellular
vacuoles were never observed. Thus,
like ISV angiogenesis, dorsal aortae vas-
culogenesis uses an extracellular rather
than intracellular hollowing process,
leaving little in vivo evidence for cell hol-
lowing during normal vascular develop-
ment.
Even though defining the morpholog-
ical steps of aortic vasculogenesis was
an impressive accomplishment, Strilic
et al. (2009) forged on to identify several
key cell biological and biochemical events
underlying those steps (Figure 1, bottom).
First, they observed that during initial
cord development, the CD34-sialomucin
glycoproteins PODXL and CD34 redistrib-
uted from cytoplasmic vesicles to regions
of cell-cell contacts where the future
lumen forms. This relocalization was
dependent on the adhesion molecule
VE-cadherin, since VE-cadherin-deficient
mice failed to show enrichment of the
glycoproteins at cell-cell contact sites.
Significantly, mice lacking PODXL had
delayed vascular lumen formation,
demonstrating that CD34-sialomucins, October 20, 2009 ª2009 Elsevier Inc. 435
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(Top) In vitro, endothelial cells can form vascular lumens through cell hollowing or cord hollowing (reviewed in Iruela-Arispe and Davis, 2009). Previous data sug-
gested that in vivo, vertebrate vasculogenesis used a cell hollowingmechanism. However, in this issue ofDevelopmental Cell, Strilic et al. present strong evidence
that mouse dorsal aortae formation uses cord hollowing. (Bottom) A proposed molecular pathway for lumen formation in the mouse dorsal aortae. See text and
Strilic et al. (2009) for details. P-Moesin, phosphorylated Moesin; nm-Myosin II, non-muscle Myosin II.are not merely markers of a future lumen,
but are important mediators of lumen
formation. Thus, VE-cadherin-dependent
localization of CD34-sialomucins to the
cell-cell contact defines a specific step
in vasculogenesis.
How do CD34-sialomucins contribute
to lumen formation? It may be that the
negatively charged extracellular domains
of these glycoproteins (reviewed by Niel-
sen and McNagny, 2008) contribute to
repulsion of apposing lumen faces. In
addition, CD34-sialomucins are known
to organize the actin cytoskeleton, which
could drive lumenmorphogenesis. In their
report, Strilic et al. (2009) demonstrated
that F-actin and Moesin, an ERM adaptor
protein that can link CD34-sialomucins to
the actin cytoskeleton, became enriched
at the future lumenal surface and were
required for proper lumen formation.
Further, they showed that Protein Kinase
C (PKC) activity led to Moesin phosphory-
lation, which is necessary for Moesin to
interact with F-actin. Thus, PKC may
regulate the ability of CD34-sialomucin/
Moesin complexes to organize the actin
cytoskeleton. Together, PKC activity and
the association of phospho-Moesin and436 Developmental Cell 17, October 20, 200F-actin with CD34-sialomucins define a
second key step in vasculogenesis (Fig-
ure 1, bottom).
Finally, Strilic et al. (2009) define a third
step by identifying specific roles of
VEGF-A and the Rho-associated protein
kinase (ROCK) in mediating the cell shape
changes needed for lumen formation.
VEGF-A and ROCK activity have previ-
ously been demonstrated to be required
for embryonic blood vessel development
(Carmeliet et al., 1996; Sun et al., 2006),
but Strilic et al. extend these observations
by showing that inhibition of VEGF-A
activity and ROCK, which is activated by
VEGF-A, prevented recruitment of non-
muscle Myosin II to the apical F-actin.
By showing that CD34-sialomucins,
Moesin, and F-actin, but not non-muscle
Myosin II, were localized normally in
VEGF-A mutant mice, Strilic et al. (2009)
demonstrated that VEGF-A and ROCK
act at a later step than VE-cadherin and
PKC in the pathway of lumen formation
(Figure 1, bottom). Together, the results
of Strilic et al. define a molecular frame-
work of lumen formation during vasculo-
genesis that is considerably more com-
prehensive than preceding models.9 ª2009 Elsevier Inc.With a clear outline of the molecular
events of aortic vasculogenesis, it can
now be asked how similar the processes
of vasculogenesis and angiogenesis are
at the molecular level. They may not be
that different, as Strilic et al. show that
CD34, PODXL and Moesin localize to
endothelial cell-cell contacts during blood
vessel formation in the developing lung,
kidney, and Lewis lung carcinomas.
These results are particularly exciting
from a human health perspective as they
suggest that understanding the mecha-
nisms of vasculogenesis is likely to pro-
vide insight not only into congenital
vascular defects, but into tumor angio-
genesis as well.
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Kinesin-8 family members function
directed motility in conjunction with
colleagues describe how these two
of cellular microtubules.
Mechanisms that regulate microtubule
length are thought to play crucial roles in
a number of cellular processes including
nuclear positioning, the establishment
and maintenance of mitotic spindles, the
regulation of mitotic chromosome align-
ment, processextension, anddirectedcell
motility. However, the molecular control
of microtubule length in cells is not well
understood. Members of the kinesin-8
family of motors have been implicated in
the direct regulation of microtubule length
in cells (Gupta et al., 2006; Stumpff et al.,
2008; Varga et al., 2006). A recent paper
from Varga et al. (2009) now indicates
that the budding yeast kinesin-8, Kip3p,
uses a surprising cooperative mechanism
to monitor microtubule lengths and
shorten them ‘‘as needed.’’
Kip3p uses the energy of ATP to ‘‘walk’’
toward the plus-ends of microtubules
for unusually long distances without
releasing from the polymer. This ensures
that a motor that lands anywhere on the
microtubule lattice, even on long cellular
microtubules, is likely to eventually reach
the plus end, leading to an accumulation
of motors there. Surprisingly, once a suffi-
cient number of Kip3p molecules reach
the plus-end of the polymer, microtubule
disassembly commences at a rate that
is proportional to the concentration of
Kip3pmolecules.Due to themotor’s inher-Kamei, M., Saunders, W.B., Bayless, K.J., Dye, L.,
Davis, G.E., and Weinstein, B.M. (2006). Nature
442, 453–456.
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in microtubule length control and
microtubule dissassembly activity.
activities may be used to simultaneo
ently high processivity, the depolymeriza-
tion rate, by extension, is proportional to
the length of the microtubule (Varga et al.,
2006). This microtubule length-dependent
activity was proposed as a mechanism by
which the kinetic properties of the motor
could be used to measure and ‘‘trim’’
microtubules to a length that is appro-
priate to the needs of the cell.
Regulation of microtubule length is
consistent with many of the described
cellular activities of Kip3p (Figure 1). The
molecule is found associated with both
astral (cytoplasmic) and spindle (nuclear)
microtubules in thebudding yeastSaccha-
romyces cerevisiae. It is required to trans-
port the pre-anaphase nucleus to the
daughter bud site, a function dependent
on the adjustment of astral microtubule
length. Loss of Kip3p leads to excessively
long and bent anaphase spindles, sug-
gesting that length-dependent microtu-
bule depolymerization activity is utilized
at the plus ends of spindle midzonemicro-
tubules to limit the length of anaphase
spindles (Hildebrandt and Hoyt, 2000).
The mechanism by which Kip3p ‘‘knows’’
howtodisassembleamicrotubule,butonly
so far, to set spindle position and length
was puzzling. An impressive study by
Varga and colleagues (Varga et al., 2009)
using TIRFmicroscopic assays in conjunc-
tion with purified GFP-Kip3p now show
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exhibit highly processive plus-end
In a recent issue of Cell, Varga and
usly measure and adjust the length
that once a motor reaches the end of the
microtubule, it will linger there until another
motor arrives to knock it off along with one
to two tubulin dimers, thereby reducing the
filament length. Thus, one motor molecule
(likely consisting of a dimer of two motor
domains) removes only one or two tubulin
dimers before recycling rather slowly to
rebind to the microtubule. By comparison
to kinesin-13 microtubule depolymerases,
this makes Kip3p an extraordinarily weak
microtubule depolymerizer. High proces-
sivity combined with exceptionally weak,
cooperative removal of terminal tubulin
dimers are features that could enable
Kip3p to establish a gradient of motors at
themicrotubule tip that serves asa readout
of microtubule length. If the processive
motors translocated to the end of the
microtubule and then halted benignly, the
gradient would disappear over time as
the lattice became saturated with motors,
thereby abolishing the positional informa-
tion along the microtubule.
An important question that remains is
what, structurally, the kinesin-8 family of
motors does at the end of the microtubule.
Kinesin-13s stabilize a curled structure at
the end of the microtubule protofilament
in the ATP-bound state (Moores et al.,
2002). In contrast, electron microscopic
studies of kinesin-8 family molecules
(klp5/6 from the fission yeast S. pombe)
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